Abstract -Systematic investigation of the phonon Raman scattering efficiency in FePS3 as a function of temperature in the vicinity of the magnetic phase transition temperature T demonstrates three levels of enhancement of the Raman peaks: i) in the low frequency region the appearance, and strong enhancement in the antiferromagnetic phase, of peaks not observable in the paramagnetic phase; ii) in the intermediate frequency region the enhancement and narrowing of peaks which are only weak in the paramagnetic phase; iii) in the high frequency region the enhancement of phonon Raman peaks. All of these manifestations can be explained by the Brillouin Zone folding due to the appearance, below TN, of a magnetic superstructure in the c direction with a magnetic unit cell which is double that of the crystallographic cell. In NiPS3 the antiferromagnetic in-plane ordering along the b axes conserves the same magnetic unit cell as the crystallographic cell. The magnetic ordering in the c and a directions is ferromagnetic. Only slight enhancements are observed in this case near TN, but there also appear a broad continuum in the Raman spectrum and Fano interferences on top of this continuum.
INTRODUCTION
The effect of magnetic ordering on the temperature variation of phonon Raman intensities has been first observed (ref. 1) in the ferromagnetic semiconducting spinels CdCr2S4 and CdCr2Se4. It has been found that certain lines of particular symmetries due to Raman active phonon modes exhibit an abrupt decrease of integrated intensity with increasing temperature through the Curie temperature Tc.
A theory of the spin-dependent phonon Raman scattering in magnetic crystals has been developed by Suzuki and Kamimura (ref. 2) . A phenomenological treatment shows that the spin-dependent part of the integrated Raman intensity, expressed as a function of temperature, is proportional to the nearest neighbor spin correlation function. Two types of microscopic spin dependent scattering mechanisms, variation of the d electron transfer with lattice vibrations and the non-diagonal exchange interaction, are considered.
The effects of magnetic ordering on the phonon Raman scattering are different from those related to the direct excitation of the spin systems such as the light scattering by spin
waves (ref. 3).
In materials where the microscopic mechanism for the spin-dependent Raman scattering can be attributed to the variation of the d electron transfer energy due to the relative displacement of the ions, the intermediate state interaction is considered under the assumption that the adsorption edge corresponds to a charge transfer transition from the d level to the conduction band. This suggests that the anomalous temperature dependence of intensity of the specific phonon lines would have a resonance enhancement when the energy of the excitation light corresponds to that of electronic transition, in addition to the magnetic ordering effect. Resonance effects on the spin dependent phonon Raman scattering have been observed (ref. 4) in CdCr2S4 and CdCr2Se4.
In addition to the resonance Raman scattering associated with the valence to conduction band transition a temperature dependent resonance enhancement occurs with the onset of ferromagnetic order, due to the spin splittings of the electronic band structure (ref. 5).
In another class of magnetic semiconductors, the europium chalcogenides, spin-dependent Raman scattering due to simultaneous excitation of the spin and phonon systems has been observed. The symmetry forbidden first order phonon Raman scattering, in the paramagnetic 1248 M. BALKANSKI, M. JOUANNE and M. SCAGLIOTTI phase of these NaC1 structure-type materials, has been shown to be spin-disorder induced ( ref. 6 ). In the ordered magnetic phases of EuSe and EuTe new peaks in the Raman spectra appear with intensities dependent on the temperature and applied magnetic field. The appearance of first order Raman scattering which is expected to be symmetry-forbidden is related to the folding of the Brillouin zone due to the magnetic superstructure (ref. (rf. 12,13). The Raman spectra are excited by the 476.5 rim and 488.0 nm lines of an Ar laser in a quasi backscattering geometry with the laser beam at Brewster incidence. The scattered light is dispersed by means of a double grating Coderg PH 1 spectrometer and the signal is analyzed by a conventional photon counting system. Typical Raman spectra of FePS3 recorded at liquid helium temperature and at room temperature are shown in Figure 2 . Some significant differences are observed upon comparing these two spectra. At low temperature two strong narrow peaks at 88 cm-1 and 95 cm-1 and a weaker one at 108 cm-1 appear in the spectral region where only a weak broad band is detected at room temperature.
A new peak appears also at 161 cm-1 at low temperature. As the temperature is lowered the peaks at 249 cm-1 and 380 cm-1 are considerably enhanced. The temperature variation of the normalized intensity of the peaks at 88 cm-1, 249 cm-1 and 380 cm-1 is represented in Figure 3 . The Nel temperature of FePS3 is 118 K. The intensity of the 88 cm-1 peak rises abruptly below T without any frequency variation, the intensity of the peak at 249 cm-1 is significantly enhanced when passing through TN while the intensity of the peak at 380 cm-1 changes only slightly. The band widths of all these three peaks undergo significant broadening when crossing the Nel temperature going from the antiferromagnetic to the paramagnetic phase. This variation is shown in Figure 4 . 
4.
• AA Raman spectra of NiPS3 recorded at room temperature and liquid nitrogen temperature are shown in Figure 5 . The Nel temperature of NiPS3 is 155 K (ref. 14). The temperature dependence of the reduced intensity of the peak at 387 cm-1 and the broad band at 500 cm-1 is reported in Figure 6 . The variation of the Raman intensity for NiPS3 when crossing the Nel temperature is quite comparable to that observed for FePS3.
DISCUSSION
The peaks observed at low frequency depend on the .ion substitution and therefore involve vibrational modes in which the motion of the M ion is important while the spectral pattern in the high frequency region is insensitive to the metal cation substitution and can be interpreted in terms of normal modes of the staggered P2S6(D3d group) unit (ref. 12,13) .
The most striking effect observed in these experiments is the strong enhancement of some Raman lines, mainly in the low frequency region. The observed enhancements are clearly related to the magnetic ordering. The lines at 88, 95 and 108 cm-1 strongly decrease in intensity without frequency shifts around TN (118 K) and range into a broad weak band at about 100 cm-1 at higher temperature. The intensity of the line at 161 cm-1 becomes so small that it is impossible to measure at temperature larger than TN, while the intensity of the line at 249 cm-1, which is strongly polarized, decreases.
On the contrary the band at 378 cm-1/at room temperature due to the symmetric stretching of the PS3 tetrahedra, as well as the lines at 277 and 222 cm-1, due to PS3 deformation and bending modes, exhibit only small changes in intensity around TN.
Considering the fact that no frequency shift and anomalous line broadening accompany the anomalous enhancement of some of the Raman lines in the vicinity of the Nel temperature we can rule out the possibility of interpreting this effect as light scattering by spin waves
In the experiments presented here using different exciting wavelengths in the spectral range 1.92 eV-2.71 eV no resonance effect has been detected for the peaks which exhibit strong temperature dependence. is the reduced nearest neighbor spin correlation function.
S
The spin dependent Raman tensor has the same temperature dependence as the correlation function. This is true independently of the microscopic mechanism responsible for the scattering process.
The temperature dependence of the spin-dependent Raman intensity of the peaks at 88 and 161 cm-1 is shown in Figure 7 The magnetic ordering induced Raman scattering is to a large extent related to the Brillouin zone folding due to the fact that the magnetic unit cell in the c direction is double that of the chemical cell. The folding of the phonon dispersion curves due to the magnetic superstructure brings zone bondary phonons to the center of the Brillouin zone rendering this phonon Raman active. The appearance of the two strong and narrow bands at 88 cm-1 and 95 cm-1 can be seen to originate from folded acoustic branches by comparison with the phonon dispersion curves of a similar compound, iron dichloride (ref. 15) . The enhancement of the intensity of the peak at 161 cm-1 may come from the folding of the infrared active branch at 153 cm-1 (ref. 16 ).
The Raman spectra of NiPS3 given in Figure 5 show somewhat different behavior from that of 
*
The most striking enhancement of Raman peaks occurs for FePS3 for which the magnetic superstructure doubles the crystallographic unit cell. This suggests that the Brillouin zone folding due to the magnetic superlattice along the c axis might be the reason for the observed three types of extraordinary enhancement of the phonon Raman intensity: i) the appearance of Raman peaks not observed in the paramagnetic phase, ii) the folding of the phonon branches back to the center of the Brillouin zone produces additional phonon density in the vicinity of modes which are only infrared active. The folded branch from the Brillouin zone edge has different symmetry properties, thus inducing some partial Raman activity. iii) Folding back flat Raman active branches increases the density of active modes in the center of the Brillouin zone and thus enhances the Raman intensity.
Neither of these three effects can be invoked for the enhancement of the Raman modes in NiPS3 for which the magnetic superstructure coincides with the crystallographic unit cell. The magnetic ordering results in antiferromagnetic interaction among chains in the plane and ferromagnetic interplane interaction in the c direction. Here the effect on the Raman spectrum is the appearance of a very broad band which acts as a continuum in the interference with single modes producing a Fano type line shape deformation. Some normal modes are also enhanced. This enhancement may come through the microscopic mechanism involving the variation of the d electron transfer with lattice vibrations or that of non-diagonal exchange. The broad continuum of Raman scattering may be due to electronic transitions from split-off spin polarized subbands. It is possible that in this case the magnetic order influences only indirectly the phonon Raman scattering intensity via resonance effects due to spin splittings of the electronic band structure.
Further investigations are needed to elucidate the microscopic nature of the appearance of additional Raman activity in the magnetically ordered 2D systems.
